The regulation of metabolic flux is essential for life, yet our understanding of it remains incomplete. The ability to determine the role of specific enzymes in regulating metabolic flux rapidly becomes a nearly overwhelming challenge due to the various interacting pathways, multiple enzyme isoforms, and many different substrates that are involved. This complexity is further compounded by the fact that the enzymes themselves are regulated by multiple mechanisms. Moreover, the amount of an enzyme in a particular cell may be modulated by a variety of transcriptional and post-transcriptional mechanisms. Thus, it has long been apparent that an understanding of how metabolic flux through specific pathways is regulated requires detailed measurements within the context of model systems.
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In mammals, the opposing processes of glycolysis and gluconeogenesis are both essential for glucose homeostasis. As previously reviewed by Granner and Pilkis (1) , the regulation of three substrate cycles (glucokinase (GK)/glucose-6-phosphatase, pyruvate kinase/pyruvate carboxylase/phosphoenolpyruvate carboxykinase (PEPCK), 1 and phosphofructokinase/fructose-1,6-bisphosphatase) play an important role in hepatic glucose metabolism. Of these, two have garnered most of the attention: GK and the cytosolic isoform of PEPCK. Both are widely thought to play key roles in determining flux through the glycolytic and gluconeogenic pathways, respectively, in the liver. Since a variety of genetically altered mouse models have been generated and characterized to determine the role of these two enzymes in regulating metabolic flux they now serve as excellent examples for highlighting the indispensable role that genetically manipulated mice have played in assessing metabolic flux control within the intact animal. Moreover, the findings obtained illustrate that surprises are still possible despite decades of previous studies and that additional studies are still required. In this Minireview we compare and contrast the findings obtained for both GK and PEPCK, because, by doing so, some important points about the concept of metabolic control are reinforced.
Tissue-specific Expression and Functions of
GK and PEPCK GK and PEPCK are both expressed and regulated in a manner that reflects their vastly different functions. The two enzymes can be generally thought of as being expressed in a largely non-overlapping set of cell types, as is illustrated in Fig. 1 . While they are co-expressed in the liver, periportal and perivenous hepatocytes possess different amounts of these and other glycolytic and gluconeogenic enzymes, and consequently different metabolic capacities, due to gradients in oxygen, substrate, hormone, and mediator levels, as well as different cell-to-cell interactions (2, 3) .
Two kinetically similar but structurally distinct isoforms of GK are made due to alternate promoters in the GK gene and the alternate RNA processing (4 -6) . One isoform is made in the liver, whereas the other is found in the pancreatic islet, enteroendocrine cells of the gut, and in certain parts of the brain. Studies of the role of GK in determining glycolytic flux have been limited largely to the liver and pancreatic ␤-cell, where the enzyme is regulated in a vastly different manner. Besides the use of alternate cell typespecific promoters, the liver expresses a regulatory protein that binds GK and sequesters it in the nucleus under certain metabolic conditions (7, 8) . Due to an S 0.5 for glucose of about 8 mM and the lack of significant end product inhibition by glucose 6-phosphate, GK functions to regulate intracellular glycolytic flux in a manner that parallels changes in the blood glucose concentration (9) .
In the case of PEPCK, there are two different genes that encode either a mitochondrial or cytoplasmic isoform of the enzyme (10) . The cytoplasmic PEPCK isoform is found in the proximal tubule of the kidney, adipose, and intestine, in addition to hepatocytes (10) . In both the liver and kidney this enzyme has long been thought to play a role in determining gluconeogenic flux, although the gene is regulated differently in these two sites (10, 11) . Intestinal PEPCK may also contribute to the endogenous glucose production during diabetes (12) . In contrast, in adipose tissues, PEPCK expression is thought to play an important role in glyceroneogenesis (10, 13) . Indeed, transgene-directed overexpression of PEPCK in adipose tissue causes increased glyceroneogenesis, free fatty acid re-esterification, and adipose mass, without any changes in insulin sensitivity, findings that provide direct support for this notion (14) .
Tissue-Tissue Interactions Are Important for
Glucose Homeostasis The physiological regulation of glucose homeostasis involves multiple tissue-tissue interactions, mediated by a variety of hormones, the nervous system, as well as changes in the concentrations of specific nutrients. For instance, glycolytic flux in the liver is stimulated by insulin and inhibited by glucagon, two hormones secreted by the pancreatic islet. The secretion of both of these hormones is modulated by sympathetic, parasympathetic, and sensory innervation of the pancreas (15) . Centers regulating the neuronal input into hormone secretion are thought largely to reside in the hypothalamus and brain stem, two other sites where GK is found. Moreover, incretins, such as glucagon-like peptide-1 or glucose-dependent insulinotropic polypeptide that affect insulin secretion are secreted by enteroendocrine cells of the gut, cells that are also known to express GK (16 -18) . Thus, there exists a highly dispersed yet integrated system of GK-containing cells that interact with each other in a complex manner to maintain glucose homeostasis.
Similarly, the regulation of gluconeogenic flux, which varies under different metabolic conditions, also depends on a variety of different tissue-tissue interactions. Although the liver, kidney, and intestine all contain the enzymatic machinery necessary to make glucose, changes in the hormonal milieu have a significant impact on where glucose is made, as well as the substrates that are used as precursors. For instance, the liver primarily utilizes lactate and alanine, and to a smaller extent glycerol, for gluconeogenesis. However, alanine is less important as a substrate in the kidney, with both glycerol and glutamine being more important for glucose production from this site (19, 20) . Moreover, the small intestine is beginning to be viewed as playing a substantial role during certain metabolic states. During the postabsorptive state systemic glucose release occurs primarily from the liver and kidney, with no glucose release from the small intestine (12, 19) . However, glucose production by the small intestine rises to 25% of that made in the whole body during insulinopenic states, such as during a 48-h fast or in streptozotocin-induced diabetes (21) . The relative contributions of the kidney and liver may also change during an extended fast, with renal gluconeogenesis becoming somewhat more important (22) .
The Need for in Vivo Approaches
For many years a predominant view pertaining to the regulation of metabolic flux was the presence of a rate-limiting step at or near the start of a pathway. However, this view began to give way in the late 1970s to the concept of variable metabolic control strength. Fundamental to this concept was the idea that control over a metabolic pathway might be distributed over a number of enzymes in a pathway, and the flux control strength of each enzyme could be quantified by metabolic control analysis in an isolated system (23, 24) . This concept has had significant impact on how the regulation of metabolic flux is both viewed and studied. However, as this concept evolved, it also became clear that the control exerted by any particular enzyme might also vary under different states and thus in some cases might be virtually impossible to determine without a detailed empirical analysis (25) .
It is now well recognized that, only by being able to precisely alter the expression of an enzyme in a graded manner, can the role of specific enzymes in regulating metabolic flux in a pathway be accurately assessed. Even so, it remains a frequent practice to attempt to infer the function of an enzyme using knowledge of its kinetics, location, or regulation. However, there is no guarantee that such inferences are correct. Fortunately it is no longer necessary to simply guess given the increasing ease and precision for performing genetic manipulations in the mouse, especially given the ability both to overexpress enzymes in specific tissues and to eliminate their expression in selected sites via the Cre/loxP system (26) .
Effects of Globally Manipulating GK Gene
Expression in the Mouse Both overexpression and conditional gene knock-out (KO) strategies proved to be valuable for determining the effects changing the expression of GK on an important metabolic marker, the blood glucose concentration (27) (28) (29) . As shown in Fig. 2A , a 50% reduction in GK gene expression leads to pronounced hyperglycemia. The total elimination of GK is incompatible with life because pups die within a week of birth from the effects of uncontrolled hyperglycemia. In contrast, a 50% increase in the amount of GK causes hypoglycemia, and doubling the amount of GK (via introduction of two extra copies of the entire GK gene locus) lowers the blood glucose concentration even more. When plotted, as shown in Fig.  2A , a curvilinear relationship between GK gene expression and the blood glucose concentration becomes readily apparent. These data clearly illustrate that small changes in the expression of GK are sufficient to have a major impact on the plasma glucose concentration, although they do not reveal which tissues are involved or precisely how they each contribute to this relationship.
Tissue-specific Roles of GK
To determine the role of GK in particular tissues and to further explore the functional relationship between tissues that express this enzyme, both liver-and pancreatic ␤-cell-specific GK-KO mice have been generated and characterized (29) . Liver-specific GK-KO mice exhibit nearly a 40% increase in blood glucose levels without a simultaneous increase in the plasma insulin levels. Hyperglycemic clamp experiments revealed that, although the basal glucose turnover rates are nearly normal, the rate of new hepatic glycogen synthesis and glucose turnover in response to hyperglycemia is only 10 and 40% that of animals that make normal amounts of hepatic GK, respectively. The effect of glucose on several glucoseresponsive genes was also abnormal, further demonstrating a key role for GK in carbohydrate-induced responses by the liver (30) . Although these functional impairments might have been predicted using in vitro systems, one observation simply could not have been anticipated. Namely, the liver-specific GK-KO mice exhibited profoundly impaired insulin secretion. Mice lacking hepatic GK did not exhibit any increase in their plasma insulin levels under basal condition, despite the 40% increase in blood glucose levels, and the increase in insulin secretion in response to hyperglycemia was only 30% of normal. These results suggest a linkage between rates of hepatic glycolysis and insulin secretion that is currently not understood. The mild hyperglycemia that occurs in these mice might, itself, be sufficient to impair insulin secretion because it has also been shown that small but chronic changes in the blood glucose concentration have marked effects on insulin secretion (31, 32) .
By performing a pancreatic ␤-cell-specific KO of GK different information was gained. First, it was observed that mice without any GK in ␤-cells die shortly after birth of severe diabetes. Thus, this experiment clearly indicates that GK plays a vital role in regulating metabolic flux in ␤-cells. Although this was long thought 
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to be the case, this experiment, and a related study in isolated islets, leaves almost no room for doubt (29, 33) . Mice that lack one functional allele of GK only in the ␤-cell exhibit a metabolic phenotype similar to that of the liver-specific GK-KO mice, namely mild hyperglycemia and normal basal glucose turnover rates, but more predictably, they exhibit impaired glucose turnover and insulin secretion during hyperglycemia due to the firmly established link between GK in ␤Ϫcells and glucose-stimulated insulin secretion (9, 34, 35) .
Mice that make an increased amount of GK are resistant to the development of both hyperglycemia and hyperinsulinemia associated with the feeding of a high fat diet (36) . This resistance to development of obesity is thought to be due mainly to increased hepatic GK activity, which causes increased hepatic glucose disposal via increased hepatic glucose utilization and increased glycogen synthesis, particularly in response to hyperglycemia (28). Ferre et al. (37) have also reported that the streptozotocin-induced increase in the serum concentrations of glucose, 3-hydroxybutyrate, triglyceride, and free fatty acids is smaller in GK overexpressing mice.
A linkage between GK activity and glycolysis is clearly evident as a result of the genetic studies that have led to the identification of over 150 naturally occurring mutations of GK and serve as a natural experiment for assessing the control strength of GK. Mutations that impair the function of GK cause a phenotype in humans known as maturity onset diabetes of the young, type 2 (MODY-2) (38, 39). Interestingly, several mutations have been identified that increase the activity of the enzyme and that are associated with the syndrome of persistent hyperinsulinemic hypoglycemia of infancy (PHHI) (40, 41) . Thus, genetic studies in humans, coupled with biochemical analysis of the mutants, reinforce the experiments in mice (or vice versa), with both lines of study clearly indicating that the changes in the net activity of GK cause changes in the blood glucose concentration, an effect due solely to the high metabolic control strength that GK exerts on glycolysis in cells that express the enzyme.
Effects of Global Alterations in PEPCK Gene Expression
The metabolic effects of altering the amount of PEPCK in mice have also been intensely investigated. As for GK, the results of several groups have been important in being able to assess the impact of broad changes in the expression of the gene and its role in determining metabolic flux and in altering the blood glucose concentration after fasting. First, Valera et al. (42) generated transgenic mice that overexpress a PEPCK via a truncated fragment of PEPCK promoter that leads to increased expression in all normal sites of expression except adipose tissue. In these animals, PEPCK gene expression in the liver was 7-fold higher than wildtype animals, and the blood glucose concentration during fasting was 50% higher than normal. Second, Sun et al. (43) made a transgenic mouse, also under control of a truncated promoter fragment, in which hepatic PEPCK gene expression in the liver was about 2-fold higher than that of littermates. The blood glucose concentration after a 6-h fast in these animals was unaffected. Third, She et al. (44) described three functionally distinct pck alleles that were made by gene targeting using a allelogenic Cre/ loxP strategy. One allele was null, another was functionally normal but could be converted to null via Cre recombinase, whereas the third allele was functionally attenuated. By intercrossing mice containing these different alleles, animals with variations in PEPCK gene expression ranging from 0 to 100% of normal were produced.
Similar to the analysis performed for GK, the blood glucose concentration observed in mice with variable amounts of PEPCK gene expression (0-to 7-fold increase) was plotted and is shown in Fig. 2B . This plot is based on data from adult animals except for the zero PEPCK point, which was plotted at 30% because this reflects the blood glucose concentration in 1-day-old pups immediately prior to death. She et al. (44) found that mice with a 50, 90, and 95% global reduction in PEPCK gene expression were viable and maintained a normal blood glucose concentration after a 24-h fast. The points at 200 and 700% PEPCK mRNA are based on the results of Sun et al. (43) and Velera et al. (42) . When the results of all three different groups are considered, it is clear that the relationship between PEPCK gene expression and the fasting blood glucose concentration is markedly different from the curvilinear relationship observed for the expression of GK and the blood glucose concentration. Whereas there is a negative slope through the point of 100% GK mRNA, the slope through the point reflecting 100% PEPCK mRNA is zero.
These results clearly indicate that PEPCK is essential for life but also show that only a small amount of PEPCK is necessary for maintaining a normal blood glucose concentration in an unstressed animal. Indeed, the fasting blood glucose concentration is essentially unaffected by a wide range of changes in PEPCK gene expression. Even mice with a 95% reduction in PEPCK mRNA are not only viable but they have nearly normal blood glucose concentrations after a 24-h fast.
Although these findings seem to imply that PEPCK exerts very little control over the fasting blood glucose concentration, except at the far extremes of expression (0 or 7 times the normal amount), they must be interpreted with caution. Changes in PEPCK mRNA may not accurately predict changes in PEPCK activity, and multiple compensatory mechanisms may be invoked when there is an inadequate amount of PEPCK that serve to protect the animal from the lethal consequences of hypoglycemia (44, 45) . Thus, the plasma glucose concentration may be a poor reflection of metabolic alterations that occur in the face of large alterations in PEPCK gene expression. For instance, large changes in the expression of other genes in the liver and the rate of hepatic glucose production were observed in mice with only a 2-fold increase in hepatic PEPCK gene expression (43) . These mice had a 2.3-fold increase in both their fasting plasma insulin concentration and impaired glucose tolerance, consistent with mild insulin resistance (43) . Further metabolic characterization of these animals revealed increased rates of hepatic glucose production but normal whole-body glucose disposal during hyperinsulinemic-euglycemic clamp experiments. Thus, a modest increase in hepatic PEPCK activity may be enough to impair insulin signaling. Consistent with this, Sun et al. (43) showed there was a decrease in the amount of both insulin receptor substrate-2 and phosphatidylinositol 3-kinase activity in the liver.
Tissue-specific Roles of PEPCK
Mice that lack PEPCK only in the liver are also able to maintain fasting euglycemia, although at the expense of marked hepatic steatosis, a finding that also challenges both the notion of the exclusive role of the liver in gluconeogenesis and the role of PEPCK in this process. In a follow-up study of the liver-specific PEPCK-KO mice, She et al. (45) have demonstrated that perfused livers from animals that lack hepatic PEPCK do not produce glucose from either lactate or pyruvate. This finding suggests that the mitochondrial isoform of PEPCK, which is still present in these animals, does not play any appreciable role in determining gluconeogenetic flux, which would not be surprising given that this isoform accounts for only ϳ2% of activity in the liver of mice. By using both NMR spectroscopy and metabolic tracers, She et al. (45) have also shown that mice lacking PEPCK in the liver have impaired wholebody gluconeogenesis from phosphoenolpyruvate, but not from glycerol, and that there is a global increase in tricarboxylic acid cycle activity, even though pyruvate cycling and anaplerosis is decreased. Interestingly, NMR experiments using 2 H 2 O and [ 13 C]propionate indicate that total body gluconeogenic flux from phosphoenolpyruvate is still 66% of that in a normal mouse, despite the absence of hepatic PEPCK. These results suggest that extrahepatic tissues may be capable of fulfilling the void in gluconeogenesis by synthesizing more than the usual amount of glucose.
As mentioned before, both the kidney and intestine, two other sites of PEPCK gene expression, may contribute significantly to systemic glucose production during certain metabolic states (12, 19) . Indeed, renal gluconeogenesis itself has long been known to be sufficient to maintain nearly normal blood glucose levels in eviscerated rats (46) . More recently, it has been shown that, in humans, endogenous glucose production falls only by about 50% upon removal of the liver (47, 48) . Thus, when glucose cannot be made by the liver, compensatory adaptations in either the kidney and/or intestine appear to be invoked that allow whole body glucose production to continue. It is interesting to note that the plasma glutamine concentration is increased 2-fold in mice without PEPCK in Minireview: Gene-altered Mice and Metabolic Flux Control 32487 the liver, suggesting that the kidney and/or intestine may be capable of using glutamine as a substrate to produce glucose (20, 49, 50) .
GK versus PEPCK, What Does It Mean?
The gene expression levels versus blood glucose plots in Fig. 2 illustrate that there are striking differences in how alterations in either GK or PEPCK gene expression affect the blood glucose concentration. These markedly different glucose response profiles reflect differences in the control that GK and PEPCK exert over glycolytic and gluconeogenic flux, respectively. Whereas GK exhibits near total control over glycolysis in tissues that express the enzyme, the situation is far different for PEPCK, because large changes in PEPCK gene expression within mice do not cause fasting hypoglycemia. However, as compelling as these data may seem, it remains important to view it with some caution because a systematic analysis of gluconeogenic flux in animals with different amounts of PEPCK has not yet been performed. Nonetheless, the results obtained to date are striking enough on their own to suggest that PEPCK does not, itself, determine gluconeogenic flux. Rather, it is likely that control is distributed among other enzymes in this pathway.
Recently it has been shown that PGC-1, a nuclear co-regulator that affects gene expression by binding to transcription factors, is induced in the liver by fasting and by insulin deficiency. Forced overexpression of PGC-1 in rats, via use of a PGC-1 expressing recombinant adenovirus, causes increased hepatic glucose production (51) . PGC-1, besides enhancing PEPCK gene expression, also leads to an increase in glucose-6-phosphatase and fructose-1,6-biphosphatase mRNAs, two other key enzymes in the gluconeogenic pathway. Moreover, mice that carry a targeted disruption of the cAMP response element-binding (CREB) protein gene or that express a dominant negative CREB inhibitor, exhibited both fasting hypoglycemia and a decrease in glucose-6-phosphatase, fructose-1,6-bisphosphatase, pyruvate carboxylase, and PEPCK mRNAs (52) . These studies provide both additional support and a mechanism whereby the control of gluconeogenesis may involve the synchronous regulation of a set of genes.
Thus, the control of gluconeogenic flux should be considered a more global process, consistent with the findings of others who have studied this issue in the past (53) (54) (55) (56) . This conclusion is also fully consistent with metabolic control theory that provides a conceptual basis whereby the regulation of metabolic flux can be distributed over multiple enzymatic steps.
Perspective
It is truly fortunate that the mechanisms governing glucose homeostasis in the mouse are strikingly similar to those in the human and that precise genetic alterations can now be readily engineered that allow the mouse to serve as a model system for assessing the role of specific enzymes in determining metabolic flux. Future use of conditional gene targeting strategies that make use of Cre recombinase, as well as other site-specific recombinases, will undoubtedly prove useful. In addition, the overexpression of enzymes via the generation of transgenic mice by pronuclear DNA microinjection promises to remain useful because, as demonstrated by the studies we have discussed, it is useful to be able to increase the expression of specific enzymes so as to complement results from KO mice.
